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This study presents an experimental investigation of the circulation composition in a heat pump cycle for 
considering the effect of its difference from the charged composition on the cycle performance prediction.  The 
experiment was conducted with a vapor compression heat pump cycle using a compressor developed for R410A.  
The tested refrigerants are R1234ze(E)/R32 (20/80 mass%)，R1234ze(E)/R32 (50/50 mass%), and R1234ze(E)/R32 
(80/20 mass%).  Compared with the charged composition, the measured mass fraction of the more volatile 
component R1234ze(E)increases at inlet of the expansion valve.  When the difference between vapor and liquid 
composition is large in the two-phase flow, the difference between circulation and changed composition is large 
enough to affect the COP evaluation.  The circulation composition depends on the velocity ratio of vapor and liquid, 




Hydro-fluorocarbons (HFCs) are widely used as refrigerants in air-conditioning and refrigeration systems.  At the 
1997 Kyoto Conference (COP3), it was determined that the product and use of HFCs should be regulated due to 
their high global warming potential (GWP).  In the above mentioned situation for the air-conditioning and 
refrigeration systems, recently, R1234ze(E) is nominated as one of the alternates of HFCs, due to its extremely low-
GWP.  The heating capacity of heat pump cycles using R1234ze(E) is, however, expected to be lower than that of 
R410A currently most used, because of its lower vapor density and latent heat.  To achieve performance equal to 
R410A, much larger unit is required.  In the previous studies (Koyama et al,, 2010b, 2011), drop-in experiments on 
heat pump cycle  using  mixtures of R1234ze(E)/R32 was carried out; R32 was selected as the second component to 
increase vapor density and latent heat.  It was found that mixtures of R1234ze(E)/R32 were strong candidates for 
replacing R410A. 
 
The mixtures of R1234ze(E)/R32 are zeotropic and have a temperature change during the phase-change, typically 
called temperature glide.  When the temperature glide is utilized effectively, the irreversible loss or exergy loss in 
heat exchangers is reduced and the cycle performance is improved (e.g., Jakobs and Kruse, 1978, Kruse, 1981, 
McLinden and Radermacher, 1987, Swinney et al., 1998).  The temperature glide is determined by the composition 
and pressure of refrigerant mixture.  The circulation composition is often different from the composition of charged 
refrigerant, because the more volatile component can circulate faster in cycles (Youbi-Idrissi et al., 2005).  This 
means that the actual refrigerant temperature in condensers and evaporators can shift from the temperature predicted 
with the charged composition (i.e., nominal composition).  Therefore, for predicting the cycle performance precisely, 
understanding the shift of circulation composition in an operating cycle from charged composition. 
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The present study experimentally evaluates COP with various compositions of the mixtures in a cycle to find the 
optimized composition of mixtures R1234ze(E)/R32 as low-GWP alternatives for residential or commercial heat 
pump systems.  Additionally, the circulation composition is compared to the charged composition to clarify the 
effect of this difference  on the cycle performance evaluation. 
 
2. EXPERIMENTAL SETUP AND METHOD 
 
2.1 Experimental Setup 
Figure 1 shows an experimental apparatus, which is a water heat source vapor compression cycle.  The experimental 
apparatus consists of three loops of refrigerant, and cooling and heating water.  The refrigerant loop is composed of 
a manually controlled hermetic type rotary compressor, an oil separator, a condenser, a liquid receiver, a solenoid 
expansion valve and an evaporator.  Using constant-temperature bathes, certain temperature cooling and heating 
water are supplied to the condenser and the evaporator.  Four mixing chambers are installed between each 
component in the refrigerant loop for measuring the pressure and the bulk mean temperature of refrigerant.  The 
other four mixing chambers are installed in water loops for measuring bulk mean temperatures of water.  The 
dimensions of the condenser and the evaporator are specified in Table 1.  Those heat exchangers are both 7200 mm 
long counter flow double-tube type coils.  The refrigerant flows in the inner micro-fin tube, while the water 
simulating cooling or heating load flows the annulus.  Circulating subcooled liquid is sampled at the inlet of 
expansion valve and the mass fractions of each component are measured by the gas chromatography.   
 
2.2 Experimental Method 
2.2.1 Test conditions: Table 2 lists the experimental conditions at heating and cooling modes.  The degree of 
superheat at evaporator outlet is fixed at 3 K for entire experimental conditions.  For heating mode, water 
Table 1: Specifications of the heat exchangers 
 
 Outside diameter [mm] Inside diameter [mm] Length [mm] Type of tube 
Condenser 
Outer tube 15.88 13.88 7200 Smooth tube 
Inner tube 9.53 7.53 7200 Micro-fin tube 
Evaporator 
Outer tube 15.88 13.88 7200 Smooth tube 





Figure1: Schematic view of experimental apparatus 
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temperatures are fixed as follows.  At condenser inlet and outlet, they are kept at 20 
◦
C and 45 ◦C, respectively.  At 
evaporator inlet and outlet, they are kept at 15 
◦
C and 9 
◦
C, respectively.  Only the water flow rate is varied for 
changing the heating load from 1.6 kW to 2.8 kW.  Similarly, for cooling mode, water temperatures at condenser 
inlet and outlet are kept at 30 to 45 
◦
C, respectively, and water temperatures at evaporator inlet and outlet are kept at 
20 
◦
C and 10 
◦
C, respectively. In this mode, the cooling load ranges from 1.4 kW to 2.4 kW.  
 
2.2.2 Test refrigerants: Table 3 compares properties of the test refrigerants R1234ze(E)/R32, R32 and R410A.  The 
components ratio of R1234ze(E)/R32 is tested at 80/20 mass%, 50/50 mass% and 20/80 mass%.  Each refrigerant 
charge is optimized at the point where COP takes a maximum.  Using REFPROP Ver. 9 (Lemmon et al., 2010), 
properties of R410A, R32, R1234ze(E)/R32 are calculated.  The mixing parameters used in REFPROP Ver. 9 are 
optimized from the experimental phase equilibria data (Koyama et al., 2010a) in this study. 
 
2.2.3 Test procedure: The rotation speed of the compressor and the open angle of the solenoid expansion valve are 
manually controlled with monitoring the heating or cooling load and the degree of superheat at the evaporator outlet.  
The measured values are recorded every second for 3 minutes at the steady state. Measured points are as follows: 
(1) input powers to the inverter and the compressor 
(2) refrigerant bulk mean temperature and pressure at each mixing chamber and refrigerant mass flow rate 
(3) water bulk mean temperature at each mixing chamber and water volumetric flow rate 
The uncertainties of temperature and pressure sensors are 0.05 K and 5.5/2.2 kPa (condenser/evaporator).  The 
uncertainties of refrigerant and water flow rates are 0.47 kg/h and 1.5 L/h, respectively.  
 
2.2.4 Measurement procedure of compositions: Preliminarily mixed liquid refrigerant is charged into the 
experimental apparatus.  The charge line has the sampling port to measure the charged composition.  At the 
beginning and ending of the charging, 1 cc of the liquid refrigerant is sampled from the port to an evacuated small 
cell sectioned by two valves and then expanded into an evacuated vessel of 100 cc internal volume.  The 
composition of the completely vaporized sample refrigerant is measured by the gas chromatography with 
uncertainty less than 0.2 mass%.  Other sampling port is also located just before the expansion valve in the 
experimental refrigerant loop, so that the circulating refrigerant can be sampled from the liquid line.  By sampling 
the subcooled liquid from the operating refrigerant loop at the steady state, the circulation composition is measured 
by the same procedure using the gas chromatography.  






Heat source temperature [
o
C] 15→ 9 20→10 
Heat sink temperature [
o
C] 20→45 30→45 
Degree of superheat [K] 3 
Heat transfer rate [kW] 




Table 3: Comparison of properties between test refrigerants 
Refrigerant 
R1234ze(E) /R32 (mass%) 
R32 R410A 
80/20 50/50 20/80 
Evaporative latent heat*[kJ/kg] 201.79  243.61  286.05  315.30  221.31  
Liquid density* [kg/m
3
] 1181.4  1123.3  1080.0  1055.3  1170.0  
Vapor density* [kg/m
3
] 13.7  17.5  20.6  22.1  30.6  
ODP 0 0 0 0 0 
GWP 140  341  541  675  2089  
*Bulk temperature 0 oC 
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2.3 Data Reduction Method 
Heat transfer rates in the condenser and evaporator are calculated from the water and refrigerant side energy 
balances as, 
 
   h , , , , , , , ,w CON w CON w CON out w CON in R CON in CON outQ m Cp T T m h h      (1) 
      r , , , , , , , ,w EVA w EVA w EVA in w EVA out R EVA out EVA inQ m Cp T T m h h       (2) 
 
Those heat transfer rates Qh and Qr corresponds to the capacities or the heat loads of the heating and cooling mode 
operations, respectively.  The deviation of those heat loads was confirmed to be within 5 %.  The propagated 
uncertainties obtained from the water side heat balance are 1.5 and 2.5 % for Qh and Qr.  Considering larger 
uncertainties in the refrigerant enthalpies, the heat load obtained from water side energy balance was chosen to 
calculate COP.  
 
COP of heating and cooling modes, COPh and COPr, are obtained from the measured input power for the inverter 
Einv and the heat loads Qh and Qr. 
 
    invhh EQCOP        (3) 
    invrr EQCOP        (4) 
 
3. RESULTS AND DISCUSSION 
 
3.1 Comparison on COP and Heat Load of Various Refrigerants 
Figure 2 shows the relation between COPh and Qh at heating mode, where the symbols of circle, triangle, square and 
inversed triangle denote the results of R410A, R32, R1234ze(E)/R32(20/80 mass%) and R1234ze(E)/R32(50/50 
mass%), respectively.  Each refrigerant has a particular heating load to maximize COPh, where symbols circled with 
dashed line denote the data at maximum COPh. Maximum COPh value of R1234ze(E)/R32(20/80 mass%) is the 
highest among the test refrigerants, while that of R410A is the lowest. 
 
Figure 3 shows the relation between COPr and Qr at cooling mode, where the symbols denote the same as in Figure 
2.  Each refrigerant has particular cooling load to maximize COPr, in the same manner as the heating mode.  
Maximum COPr value of R1234ze(E)/R32(50/50 mass%) is the highest among the test refrigerants, different from 
the heating mode.  This is mainly due to the significant difference of temperature distribution in evaporator.  With 
the temperature glide of R1234ze/R32(50/50 mass%), temperature difference between refrigerant and water is 
reduced by avoiding the pinch point in the evaporator.  This avoidance of the pinch point reduces the exergy loss in 







































 Figure 2: Relation between COPh and Qh obtained            Figure 3: Relation between COPr and Qh obtained 
              from water side heat balance (Heating mode)                     from water side heat balance (Cooling mode) 
:Maximum COP 
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3.2 Difference between the Circulation Composition and the Charged Composition 
Figure 4 shows the deviation of the circulation composition from the charged composition at various refrigerant 
charge amounts. In the top, middle and bottom graphs, symbols of circle, triangle, and square denote the results of 
R1234ze(E)/R32(80/20 mass%), R1234ze(E)/R32 (50/50 mass%) and R1234ze(E)/R32(20/80 mass%), respectively.  
The vertical axis shows the mass fraction of R1234ze(E), YR1234ze(E). The solid and dashed horizontal lines show the 
charged composition and average circulation composition.  
 
In entire the test range, the circulation composition obtained by the in-situ sampling is lower than the charged 
composition.  This is typical behavior of composition shift mainly caused by the local composition change and the 
velocity ratio of vapor and liquid phase.  The more volatile component R32 evaporates more readily; conversely, the 
less volatile component R1234ze(E) condenses more readily.  This results in the local composition change in liquid 
and vapor phase during the phase change.  Furthermore, the vapor flow rich in the more volatile component R32 
circulates faster than that liquid phase; while, the liquid flow rich in the less volatile component R1234ze(E) tends to 
be delayed or detained at somewhere in the refrigerant loop.  Therefore, the composition shift can be sensitive to the 
variation of local composition distribution and also the velocity ratio of vapor and liquid phase.  Table 4 compares 
the density ratio of vapor and liquid of R1234ze(E)/R32 mixtures.  This density ratio determines the velocity ratio of 
vapor to liquid phases. The density ratio of R1234ze(E)/R32 (20/80 mass%) is the lowest among the test refrigerant.  
This could result in the lowest composition shift of R1234ze(E)/R32 (20/80 mass%). 
 
3.3 Effect of Refrigerant Charge Amount on the Composition Shift 
As shown in Figure 4, the composition shift seems to be slightly decreased with increasing charge amount.  With 
increasing the charge amount, condensing pressure increases and then the degree  of subcool and the length of 
subcool region are increased.  Thus, the two-phase region is shortened, where the vapor rich in R32 circulates faster 
but the liquid rich in R1234ze(E) circulates slower during the phase change process.  Likewise, it appears to be that 
































Figure 4: Deviation of the circulation composition from the charged composition 
 
Table 4: Density ratio of vapor to liquid 
Refrigerant 
R1234ze(E) /R32 
80/20mass% 50/50mass% 20/80mass% 
Liquid density* [kg/m
3
] 1165.4  1105.3  1062.0  
Vapor density* [kg/m
3
] 16.3  20.5  24.2  
ρl/ρv [-] 71.4  53.8  43.9  
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3.4 Effect of Variation Range of Local Composition 
Figure 5 explains the local composition change during the phase change.  For instance, at the beginning of 
condensation, the less volatile component R1234ze(E) condenses more readily than R32 at the dew temperature.  
Hence, the concentration of R1234ze(E) becomes locally higher in condensate; on the other hand, R32 tends to 
remain in vapor phase and circulates faster in the cycle.  In the case of evaporator, the more volatile component R32 
evaporates more readily and the less volatile component R1234ze(E) tends to remain in liquid phase.  Then, 
concentration of R1234ze(E) in liquid phase locally increases.  The liquid phase rich in R1234ze(E) circulates more 
slowly. Likewise, the difference of circulation speed between each components and the local composition change 
are closely related.  The band of arrows in Figure 5 shows the variation range of local composition change, which is 
determined by the equilibria of each refrigerant mixture.  The variation range increases in order of 20/80 mass%, 
80/20 mass% and 50/50 mass%.  On the other hand, as compared in Figure 4, the composition shift increases in the 
order of 20/80 mass%, 80/20 mass% and 50/50 mass%.  The variation range of local composition distribution 
corresponds to the composition shift.  From this result, it is demonstrated that the composition shift strongly depends 
on the variation range of local composition distribution.  Probably, combination of the variation range of local 
composition and velocity ratio appear to determine the composition shift. 
 
3.5 Effect of Heat Exchanger Size on Composition Shift 
To discuss the effect of heat exchanger size on the composition shift, the condenser and evaporator of 5000 mm in 
length were tested additionally.  In Figure 6, the hollow and black symbols are the composition shift YR1234ze(E) of 
5000 mm and 7200 mm long heat exchangers, respectively.  As compared, the longer heat exchanger brings lager 
composition shift.  This is mainly due to the longer two phase region, where the composition is changing locally.  It 
should be noted that the liquid reservoirs or accumulators also behave to escalate the composition shift. 
 
3.6 Concern of the Solubility Difference in the Lubricant Oil 
As another possibility of stimulating the composition shift, the difference in solubility of each component into the 
lubrication oil should be considered.  POE VG68 is applied for lubrication in this study.  Some literatures (e.g., Ota 
 



























Figure 5: Variation range of local composition 
in vapor and liquid phase 
Figure 6: Effect of heat exchanger length 
on the composition shift 
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and Araki, 2010, Matsumoto et al., 2010, Yana Motta et al., 2010) suggested that R1234ze(E) is well soluble in 
POE oils as R134a, whereas R32 is poor in solubility with POE oils.  Although there is no open information of the 
solubility on the particular POE oil with R1234ze(E)/R32, probably the POE oil absorbs mostly R1234ze(E) and 
only little R32.  This solubility difference could be one of factors to escalate the composition shift; however, the 
magnitude of this effect cannot be quantified from the present experiment. 
 
3.7 Effect of Composition Shift on COP and Capacity Evaluation  
Figure 7 shows the relation between COPh and heat load Qh of heating mode calculated from refrigerant side heat 
balance evaluated at the circulation composition by Equations (1) and (3). Circle, triangle, square and inversed 
triangle symbols denote the results of R410A, R32, R1234ze(E)/R32(20/80 mass%) and R1234ze(E)/R32(50/50 
mass%), respectively.  As compared with COPh calculated from water side heat balance plotted in Figure 2, the 
COPh values evaluated at the circulation composition slightly increase from that evaluated at the water side heat 
balance.  However, it does not bring significant change on the general trend. 
 
Figure 8 shows the relation between COPh and Qh evaluated at the charged composition.  Symbols denote the same 
as in Figure 7.  By evaluating at the charged composition, COPh of the zeotropic mixture obviously decreases from 
the value evaluated by the other methods.  Since this method assumes the composition of R1234ze(E) slightly higher 
than the circulation composition, the refrigerant properties such as enthalpy, latent heat and specific heat are 
evaluated slightly closer to R1234ze(E).  In consequence of this property evaluation, this method under-evaluates 





The COP of four test refrigerants, R410A, R32, R1234ze(E)/R32(20/80 mass%), and R1234ze(E)/R32 (50/50 
mass%) has been experimentally evaluated with a heat pump cycle.  Additionally, the circulation composition has 
been compared to the charged composition. The concluding remarks are as follows: 
(1) For heating operation mode, maximum COP of R1234ze(E)/R32(20/80 mass%) evaluated by water side heat 
balance is the highest among the test refrigerants.  For cooling operation mode, maximum COP of 
R1234ze(E)/R32(50/50 mass%) is the highest due to avoidance of the pinch point in evaporator. 
(2) The circulation composition of the less volatile component R1234ze(E) is lower than the charged composition.  
The more volatile component is rich in the vapor, while the less volatile component is rich in the liquid locally.  
This local composition distribution decreases the circulation composition of R1234ze(E). 
(3) COP evaluated at the circulation composition is almost unchanged from COP evaluated by water side heat 
balance.  However, the COP evaluated at the charged composition is obviously lower than those. For reasonable 
assessment of zeotropic mixtures, cycle performance should be evaluated by the circulation composition. 
 








































              Figure 7: Relation between COPh and Qh                        Figure 8: Relation between COPh and Qh 
                      evaluated at the circulation composition                  evaluated at the charged/nominal composition 
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NOMENCLATURE 
 
COP coefficient of performance ( - )  Subscripts 
Cp isobaric specific heat (kJ/kgK) CON condenser 
E input power (kW) EVA evaporator 
h enthalpy (kJ/kg) h heating mode 
m mass flow rate (kg/s) inv inverter 
Q heat transfer rate (kW) R refrigerant 
T temperature (K) r  cooling mode 
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